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Abstract
Lung fibrosis is a dysregulated repair process caused by excessive deposition of extracellular matrix that can severely affect
respiratory function. Macrophages are a group of immune cells that have multiple functions and can perform a variety of
roles. Lung fibrosis develops with the involvement of pro-inflammatory and pro-fibrotic factors secreted by macrophages.
The balance between M1 and M2 macrophages has been proposed to play a role in determining the trend and severity of
lung fibrosis. New avenues and concepts for preventing and treating lung fibrosis have emerged in recent years through
research on mitochondria, Gab proteins, and exosomes. The main topic of this essay is the impact that mitochondria, Gab
proteins, and exosomes have on macrophage polarization. In addition, the potential of these factors as targets to enhance
lung fibrosis is also explored. We have also collated the functions and mechanisms of signaling pathways associated with the
regulation of macrophage polarization such as Notch, TGF-β/Smad, JAK-STAT and cGAS-STING. The goal of this article
is to explain the potential benefits of focusing on macrophage polarization as a way to relieve lung fibrosis. We aspire to
provide valuable insights that could lead to enhancements in the treatment of this condition.
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Introduction

Lung fibrosis is a chronic progressive mesenchymal lung
disease caused by a variety of irritants. The primary
abnormalities observed are the accumulation of an
excessive amount of Extracellular Matrix (ECM) and
damage to the lung parenchyma. Playing a critical role in
the immune response, macrophages are integral compo-
nents of innate immunity, tissue repair and remodeling by
engulfing exogenous substances, removing apoptotic cells

and necrotic tissue, and secreting cytokines. Macrophages
are heterogeneous, differing significantly in origin, mor-
phology, structure and function [1]. The lungs contain
macrophages that can be classified based on where they
distribute. Alveolar Macrophages (AMs) are situated
within the alveoli, while Interstitial Macrophages (IMs)
are nestled within the parenchymal tissue of the lungs [2].
In the steady state, both can be replaced by self-renewal of
bone marrow monocyte-derived macrophages [3]. The
involvement of resident alveolar, interstitial and
monocyte-derived macrophages in the development of
lung fibrosis is currently being extensively studied. It is
becoming increasingly clear that the way macrophages are
polarized - which is regulated by various factors such as
cytokines, chemokines, and transcription factors - is clo-
sely linked with the development and advancement of
numerous inflammatory lung diseases. These diseases
include Acute Lung Injury (ALI), Acute Respiratory
Distress Syndrome (ARDS), COVID-19 (which can cause
acute respiratory distress syndrome), allergic asthma,
Chronic Obstructive Pulmonary Disease (COPD), and
Idiopathic Lung fibrosis (IPF) [4–8]. IPF is a long-term
respiratory condition that has a high fatality rate in cases
of lung fibrosis. The disease is marked by the gradual
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development of scar tissue within the lungs, which results
in fibrosis and difficulty breathing [9]. The specific
mechanisms by which macrophages are involved in pul-
monary fibrosis have not been fully elucidated, but
extensive research now suggests that increased expression
of monocytes and monocyte-derived macrophages detec-
ted in samples from patients with IPF leads to the devel-
opment of IPF [10, 11]. The two drugs that have been
approved as treatments for IPF are Nintedanib and pirfe-
nidone, most patients on long-term use of these two drugs
have serious adverse effects and significant phase symp-
toms. Lung fibrosis is a late stage of ALI/ARDS and
COVID-19-induced lung fibrosis is also thought to be a
sequel to ARDS [12], caused by fibroblast proliferation
and excessive collagen deposition [13]. It has been shown
that macrophage type M2 can manipulate fibroblast dif-
ferentiation and proliferation into myofibroblasts and
promote ECM deposition [14], so improving the pro-
gression of fibrosis in ALI/ARDS is anticipated through
the control of macrophage polarization. Current studies of
pulmonary IMs suggest that they may be of mixed origin,
arising from both yolk sacs and monocytes in the bone
marrow., with the ability to phagocytose and clear foreign
bodies entering the interstitial lung [15]. Numerous
research studies have indicated a noteworthy rise in IMs
detected in a fibrosis model induced by Bleomycin
(BLM), indicating that IMs might have a critical function
in the development of lung fibrosis [16]. There are two
subpopulations of interstitial macrophages: Lyve1hi
MHCIIlo interstitial macrophages are located near blood
vessels, while Lyve1lo MHCIIhi interstitial macrophages
are seen in the alveolar interstitium. Chakarov et al.
showed that depletion of Lyve1+++hi MHCIIlo IMs
increases leukocyte infiltration and worsens fibrosis [17].
The number of Lyve1lo MHCIIhi IMs increases as lung
fibrosis progresses; however, the specific role of IMs in
lung fibrosis has not been elucidated. Further investigation
is required to understand the role of IMs in the develop-
ment of lung fibrosis, as there are few surface markers of
IMs in lungs that are in their steady-state or are experi-
encing fibrosis, and there is a lack of specific intervention
systems targeted towards IMs.

Macrophages have Potential Targets in Lung
Fibrosis

Macrophage Polarization

The type of macrophage activation is influenced by var-
ious local environmental factors. These polarization states
mainly include the classical activation phenotype (M1) as
well as the alternative activation phenotype (M2) [18].

During the early inflammatory phase, M1-type macro-
phages play a dominant role, whereas the proportion of
M2-type macrophages increases during the pulmonary
fibrosis phase [19]. Multiple studies have demonstrated
that fibrotic remodeling in various internal organs, such as
the heart, kidney, liver, gastrointestinal tract, and lungs, is
also linked with polarized macrophage M2 [20, 21]. M1 is
induced by Lipopolysaccharide (LPS), Interferon (IFN)-γ
and Tumor Necrosis Factor (TNF), and secretes various
cytokines such as Interleukin 6 (IL-6), IL-1β, IL-12, IL-
23, CCL2, also known as monocytes chemokin 1 (MCP1)
and Tumor Necrosis Factor α (TNF-α) to promote
inflammatory responses [22, 23]. M1 cells exhibit elevated
expression of Cluster of Differentiation 80 (CD80), Toll-
like receptor 4(TLR4), Major Compatibility Complex
II(MHCII), and Cluster of Differentiation 86 (CD86) [24].
LPS from Gram-negative bacteria is one of the most
potent stimulators of innate immune activation known,
and it induces M1 macrophage polarization [25]. Studies
have shown that COPD patients have increased levels of
the protein Inducible Nitric Oxide Synthase (iNOS) in
their AMs. These elevated levels of iNOS can lead to the
production of Reactive Oxygen Species (ROS) and Nitric
Oxide (NO). Furthermore, the cytokines produced by M1
macrophages may also contribute to the development of
COPD [26]. IL-4 and IL-13, IL-10, glucocorticoids are the
primary drivers behind the production of M2 macrophages
[27]. These macrophages can be classified into four cate-
gories, namely M2a, M2b, M2c, and M2d [28]. There is a
lack of distinct surface markers that can differentiate M2
macrophages’ various subpopulations. Currently, M2
polarization is marked by heightened expression of var-
ious surface proteins, such as Cluster of Differentiation
206 (CD206) (aka the mannose receptor) [29], a protein
‘found in the inflammatory zone’ (Fizz1) [30], Arginase-1,
and the family protein chitinase enzyme-like Ym1/2. In
contrast, low levels of MHCII, CD86, and iNOS2 are
characteristic of this polarization zone. A certain research
revealed that the absence of Fizz1 hindered the develop-
ment of lung fibrosis induced by BLM by suppressing the
activation of pulmonary fibroblasts and the attraction of
monocytes to the lungs [31]. During the induction of lung
fibrosis by BLM, Li et al. demonstrated that the polar-
ization of M2 macrophages was synergistically induced by
IL-33 and IL-13. Furthermore, treating with anti-IL-33
antibodies reduced both lung inflammation and fibrosis
induced by BLM [32]. Moreover, these macrophages that
display polarization have the ability to change, as they can
transform into M0 macrophages by depolarization or
adopt the opposite phenotype (M1 to M2) through repo-
larization and vice versa, demonstrating their plasticity.
The presence of different types of cytokines in a specific
microenvironment determines the outcome [33].
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The pathogenesis of IPF is complex and involves
numerous network systems and signaling molecules
involved in its regulation. In recent years there has been a
shift in the focus of research on the pathology of IPF, which
was previously defined as an inflammatory disease and is
now considered to be epithelial-driven. Epithelial-
mesenchymal transition (EMT) is increasingly recognised
as a very important mechanism in the formation of inter-
stitial fibrosis in the lung. EMT is a process by which
epithelial cells with polarity are transformed into fibroblasts
or myofibroblasts of mesenchymal phenotype in response to
various factors and is involved in the formation of fibrosis
and the irreversible development of IPF after interstitial
lung injury [34]. Abnormal differentiation of M2-type
macrophages is a direct factor in causing abnormal repair of
lung tissue and even pulmonary fibrosis. Macrophages in
patients with pulmonary fibrosis secrete increased M2
macrophage markers, which correlate negatively with lung
function [35]. Suarez et al. found that M2 macrophage
activation and secretion of cytokines prompted an
epithelial-mesenchymal-like phenotypic transition in tumor
cells [36]. Although the functions and mechanisms by
which M1 and M2 macrophages exacerbate or attenuate
pulmonary fibrosis are not fully understood, targeting M2-
associated cytokines to intervene in the progression of
pulmonary fibrosis by reducing M2 transformation is a key
step. Therefore, further studies are necessary to clarify the
specific roles of macrophage polarization and develop
effective treatments for lung fibrosis.

Mitochondria

As one of the important sites of energy metabolism in the
body, mitochondria have been found to be closely linked to
the polarization process of macrophages [37]. In recent years,
it has been found that macrophages change from resting state
to M1 type mainly through the glycolytic pathway to obtain
energy to support anabolism, and this process generates large
amounts of NO and ROS, and ROS can promote the inflam-
matory response of macrophages by activating factors such as
Nuclear factor-kappa B (NF-κB) [38]. According to the study
conducted by He and colleagues, lung fibrosis triggers the
activation of Cu, Zn peroxide dismutase (also known as Cu,
Zn-SOD) by macrophages. This leads to the production of
H2O2, which in turn, stimulates the transcription factors Signal
Transducer and Activator of Transcription (STAT6). This
entire process drives the polarization of macrophages, resulting
in the formation of the M2 phenotype [39]. In case there is a
malfunction in the mitochondria, the body undergoes oxidative
stress, leading to the production of excessive amounts of ROS
and a decrease in antioxidants like catalase, superoxide dis-
mutase and glutathione. This, in turn, damages the ECM,
resulting in the creation of extracellular tension, the initiation

of cytokine and growth factor activation, thereby leading to the
onset of inflammation [40]. The development of lung fibrosis
is closely tied to both mitochondrial oxidative stress and
mitochondrial turnover within alveolar macrophages. Despite
this link, the specific molecular processes that control mito-
chondrial dynamics have not yet been fully elucidated [41].
Gu et al. demonstrated mitochondrial Ca2+ influx mediated
by Mitochondrial Calcium Mono transporters (MCUs), as well
as the production of ROS and ATP, regulating macrophage
replacement activation for a profibrotic phenotype [42]. The
implication here is that the polarization of macrophage M2 that
contributes to the pathogenesis of lung fibrosis is controlled by
mitochondrial stress, and that targeting MCU could be a
potential therapy for the treatment of lung fibrosis. Although
the specific mechanism by which mitochondria act on mac-
rophages and cause lung fibrosis is less well understood.
However, pathological processes such as mitochondrial dys-
function and excessive production of mitochondrial Reactive
Oxygen Species(mtROS), may play a role in the pathological
process of lung fibrosis. Targeting mitochondria may help
improve antifibrotic therapy.

Gab Protein

Gab family proteins are an important class of anchor proteins
in cells, and mammalian Gab protein families mainly include
Gabl, Gab2, Gab3. Multiple signaling pathways involving
Gab protein are closely linked to lung diseases, and Gab1 and
Gab2 (Gab1/2) are widely expressed in macrophages [43],
which can regulate lung fibrosis. GAB1 has been reported to
be involved in Epidermal Growth Factor (EGF)-mediated
profibrotic MAPK/ERK signal in [44]. Guo et al. detected
elevated Ga1/2 levels in alveolar macrophages after BLM-
induced lung fibrosis, showing typical CD206 positivity and
significant increases in M2 markers (Arg1, FIZZ1, and Ym1),
indicating that alveolar macrophages are transitioning to M2
type during this process [45]. In subsequent experiments, they
also found that Gabl promotes the activation of the P13K/AKT
signaling pathway to regulate M2 polarization, and Gab2
promotes M2 polarization by activating the JAKl/
STAT6 signaling pathway. In addition, knockdown GAB1 has
been found to effectively inhibit TNF-α-induced inflammatory
gene expression and alleviate fibrosis [46]. Therefore, although
the study is not clear how the above biomolecules are upre-
gulated during the disease. However, Gab1, Gab2, miR-21,
miR-155 and miR-142-3p may be new targeted therapeutic
sites for pulmonary fibrosis, capable of inhibiting M2-type
polarization.

Exosomes

Exosomes are vesicles secreted by cells to the outside of the
cell through exocytosis, and are mediators that can participate
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in important processes such as intercellular communication
and immune regulation [47]. Research has indicated that
exosomes contain different components, including proteins
and microRNA (miRNA), which may have an impact on the
functional state of the cells that receive them. Of all the types
of RNA found in exosomes, miRNA appears to make up the
largest share [48]. miRNAs are a class of small endogenous
non-coding RNAs. They typically contain between 18 and 24
nucleotides in their sequence. miRNA may mediate paracrine
and endocrine communication between different tissues,
thereby regulating gene expression and remotely regulating
cellular function [49]. Studies have demonstrated that miR-
NAs play a crucial role in regulating transcription and con-
tributing to the inflammatory response within the lungs.
Additionally, they are involved in the process of macrophage
polarization [50, 51]. In their study on Radiation-Induced
Lung Fibrosis (RILF), Duru et al. examined the regulation of
M2-dominant macrophage polarization by miRNAs. They
identified miR-21 and miR-155 as pro-fibrotic while let-7i,
miR-107, miR-126, miR-140, and miR-511 were character-
ized as anti-fibrotic [52]. When Mesenchymal Stem Cells
(MSCs) are exposed to low oxygen levels, their extracellular
vesicles exhibit raised levels of miR-21-5p. This microRNA
has been found to encourage the progression of lung cancer by
hindering apoptosis while simultaneously facilitating M2
polarization in macrophages [53]. The application of MSC
exosomes or miR-21-5p activators results in a decrease in both
pulmonary edema and dysfunction. It also decreases the M1
polarization of alveolar macrophages, as well as the secretion
of various cytokines including IL-8, IL-1, IL-6, IL-17, and
TNF-α [54]. Studies have revealed that miR-155 can be acti-
vated in response to inflammation in macrophages, exerting a
pro-inflammatory influence. Additionally, research has shown
that miR-155 promotes fibrosis mediated by cross-signaling
between macrophages and fibroblasts. This signaling leads to
the stimulation of collagen synthesis, controlled by the TGF1
pathway [55]. Guiot et al. used macrophage-derived miR-142-
3p-rich exosomes to inhibit TGF-βR1, resulting in antifibrotic
properties [56]. The findings above indicate that miR-21-5p
could possibly control changes related to apoptosis and anti-
apoptosis in lung disorders, implying that miR-21, miR-155
and miR-142-3p could serve as potential targets for treating
lung fibrosis in the future.

Advances in Macrophage-related Signaling
Pathways and Lung Fibrosis

Notch Signaling Pathway

The Notch signaling pathway has often evolved to be highly
conserved. They are independent signaling modes that rely on
protein shear to regulate intercellular interactions. The

regulation of cell proliferation and apoptosis, as well as
maintaining the internal environment’s homeostasis, are
important functions that the Notch signaling pathway assumes
during the body’s development process [57]. The Notch sig-
naling pathway is mainly composed of Notch receptors,
ligands and intracellular effector molecules. The Notch
receptor is a type I transmembrane protein encoded by four
different genes (Notch1, 2, 3, 4), all consist of extracellular
subunits, transmembrane subunits and intracellular subunits,
with both the extracellular and intracellular regions being
highly conserved. When the signal is not activated, the Notch
receptor is located on the cell membrane. DSL family proteins,
also referred to as Notch ligands, comprise of a group of five
ligands which include Jagged1 (JAG1), JAG2, delta-like1
(DLL1), DLL3 and DLL4. Studies have indicated that the
Notch signaling pathway plays a role in controlling the acti-
vation and functioning of macrophages [58], when activated,
the Notch signaling pathway regulates monocyte macro-
phages, polarizing them towards pro-inflammatory M1-type
macrophage [59]. Some clinical data have found Notch to be
highly expressed in lung specimens from patients with IPF and
COPD [60]. And elevated Notch expression was found in an
animal model of bleomycin-induced pulmonary fibrosis [61].
The current study found that the Notch signaling pathway
promotes inflammatory responses mainly through synergy
with the NF-κB signaling pathway [62]. In their study, Shin
and colleagues demonstrated that Notch is involved in pre-
serving the activity of NF-κB through direct interaction with
p50 / c-Rel within the nucleus. In order to investigate this
further, researchers used a gamma-secretase inhibitor (GSI) to
halt the production and transfer of active Notch1 into the
nucleus. This resulted in a decrease of NF-κB activity, and
lowered the amount of nuclear input and sustained nuclear
activity of NF-κB, ultimately leading to decreased activation
of downstream molecules and a reduced ability of NF-κB to
inhibit macrophage activation [63]. Palaga et al. treated the
Notch receptor with GSI, this treatment significantly modu-
lated the expression of TNF-α, IL-6 and IL-10, with a sig-
nificant reduction in nitric oxide production and a decrease in
NF-κB p50 translocation into the nucleus. The implication
here is that the activation of the Notch signaling pathway is
caused by the stimulation of macrophages through the TLR
signaling cascade. This, in turn, regulates the expression of
genes involved in the pro-inflammatory response through the
activation of NF-κB [64]. Notch signaling can also synergis-
tically regulate macrophage activation, collaborating with
multiple inflammatory signaling pathways such as MAPK,
Akt and TGF-β/Smad, and indirectly or directly enhances the
expression of factors such as TNF-α and TGF-β to regulate
EMT [65]. For example, it has been shown that Notch factor
activates TGF-β in rat thylakoid cells at high blood glucose
concentrations thereby regulating EMT [66]. In addition,
Notch can induce the expression of TGF-β family members
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and the phosphorylation of Smad3, an important mediator of
TGFβ signaling. Vera et al. treated the lungs with bleomycin,
they found higher volumes of healthy lung tissue and
improved lung function in the absence of Notch3 [67]. The
research conducted by Wasnick and colleagues provided evi-
dence that Notch1 signaling has a pivotal role in regulating the
transformation of type II alveolar epithelial cells (AEC2) in
cases of IPF. Their findings revealed that this signaling path-
way stimulates the proliferation of alveolar epithelial cells and
plays a significant role in the development of fibrous pro-
liferation. However, In IPF-derived precision-cut lung sec-
tions, when the Notch signal is suppressed, was able to
improve the surfactant treatment of AEC2 and reversed the
fibrosis [68]. Notch-mediated macrophage recruitment and
activation may be a common regulatory mechanism for fibril
formation in a variety of organs, as has been demonstrated in
studies of renal fibrosis [69], liver fibrosis [70] and myocardial
fibrosis [71]. Therefore, blocking the Notch signaling pathway
of macrophage polarization inhibits the inflammatory response
and regulates lung tissue injury, which may have the potential
to improve lung fibrosis and promote lung function recovery
Fig. 1.

TGF-β/Smad Signaling Pathway

The TGF-/Smad pathway is essential for various physiolo-
gical processes such as inflammation, wound healing and
fibrosis. It is also an important trigger for ECM deposition
and EMT processes in tissue fibrosis [72]. TGF-β includes
TGF-β1, TGF-β2 and TGF-β3 [73], and the process of
developing lung fibrosis activates these three growth factors.
Smad protein is an important downstream signaling molecule
within the TGF-β pathway, including Smad2, Smad3, Smad4
and Smad7. In recent years, it has been found that TGF-β1/
Smad regulates lung fibrosis [74]. TGF-1 plays a crucial role
in the progression of inflammation and pro-fibrosis. It sti-
mulates the excretion and liberation of IL-1, TNF-α and
various other cytokines by the inflammatory cells, con-
tributing to multi-dimensional inflammatory responses. Under
pathological conditions of fibrosis, both Smad2 and Smad3
expression is upregulated, while Smad7 is downregulated
[75]. One study found that in a transgenic mouse model
overexpressing TGF-β1, lung fibrosis induced by bleomycin
can be inhibited by limiting the accumulation of alveolar
macrophages [76]. After exposing mice to x-ray radiation,
Ying et al. administered pirfenidone (PFD) and discovered
that it effectively eliminated TGF-β1 in M2 macrophages by
inhibiting the activation of TGF-β1/Smad3. Consequently,
treatment with PFD demonstrated a significant improvement
in collagen deposition and reduced the onset and severity of
RILF [77]. According to these studies, the process of cell
polarization is closely regulated by the TGF-1/Smad signal-
ing pathway. The extent to which the TGF-β/Smad signaling

pathway is involved in mediating macrophage polarization
during the development of lung fibrosis is not known, but
targeting the TGF-β signaling pathway may provide a new
way of thinking in the fight against lung fibrosis.

JAK-STAT Signaling Pathway

JAKs are a group of protein kinases that are found within
cells. The family of JAKs includes JAK1, JAK2, JAK3, and
TYK2, which have all been identified so far [78]. STAT is a
target protein downstream of JAKs and is distributed in the
cytoplasm. There are seven members in the STATs family,
which include STAT1, STAT2, STAT3, STAT4, STAT5a/
b, and STAT6 [79]. When cytokines like IL4 and IL13 with
anti-inflammatory characteristics or cytokines like IL6 with
pro-inflammatory characteristics attach to receptors on the
surface of cell membranes, it leads to the coming together of
receptor molecules in pairs and advances the combination of
JAKs. This results in the activation of STATs by JAK,
which are then transferred from the cytoplasm to the
nucleus in order to control gene expression [80]. The
initiation of macrophage inflammation regulation may be
significantly influenced by the JAK-STAT signaling path-
way. Studies indicate that this pathway triggers signaling
and transcriptional activation mechanisms that encourage
the polarization of macrophages towards the M1 type,
which is known to promote pro-inflammatory effects. This
M1 polarization is linked to an increase in a crucial marker
called CD86 and an elevated secretion of pro-inflammatory
cytokines such as IL6 and TNF-α [81]. STAT1 is known to
promote macrophage M1 polarization, while STAT6 pro-
motes macrophage M2 polarization [82]. Ding et al. found
that phycocyanin D inhibited STAT1 activation and
blocked its nuclear translocation, it also activates STAT6
and enhances STAT6 nuclear translocation, to achieve
repolarization of M1 macrophages to M2 type [83].
Numerous previous studies support that STAT3 phosphor-
ylation is essential for the differentiation of macrophages
into the M2 phenotype [84]. The exact mechanism between
the STAT3 signaling pathway and macrophage polarization
is unclear, but it has been shown that promoting STAT3
phosphorylation promotes the release of IL-4 and IL-10,
which are important cytokines in promoting the polarization
of M2 type macrophages. In contrast, inhibition of STAT3
phosphorylation decreases the proportion of M2 macro-
phages [85]. Researchers discovered increased levels of
phosphorylated STAT-3 while examining lung biopsies
taken from patients with IPF and mice with BLM-induced
lung fibrosis [86]. Furthermore, the activation of STAT-3-
mediated signaling [87] by IL-6 can result in BLM-induced
lung fibrosis in mice, indicating that targeting downstream
molecules associated with IL-6, such as STAT-3, may be an
effective approach to enhance the treatment of lung fibrosis.
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The cGAS-STING Signaling Pathway

The cGAS-STING pathway has emerged as a key med-
iator in inflammation, tumors and autoimmune diseases.
The cGAS-STING signaling pathway mediates interferon
when the cGAS receptor can bind to DNA, allowing
STING to be activated and then bind to NF-κB, inducing
the production of downstream signals including IFN reg-
ulatory factor 3 (IRF3) and promoting the expression of
IFN genes [88]. Domizio et al, by analyzing lung samples
from COVID-19 patients, found that macrophages near
areas of endothelial cell injury mediated a STING-
dependent type I IFN signature. And cGAS-STING
activity was significantly increased with increasing
levels of pathogenic IFN-I in the COVID-19 mouse model
[89]. It has also been found that X-box binding protein 1
(XBP1) deficiency reduces STING/NLRP3 activation and
promotes liver fibrosis by promoting BNIP3-mediated
mitochondrial autophagy activation in macrophages [90].
BLM may induce lung fibrosis through activation of Sting
signaling [91], and Wu et al. found that STING agonists
promoted reprogramming of the tumor-associated macro-
phage M2 phenotype to the M1 phenotype [92]. Activa-
tion of the STING signaling pathway has the potential to
drive macrophages towards M1-type polarization, it Pro-
motes progression of pre-inflammatory lung disease and
exacerbates late fibrosis. However, the specific mechanism
by which the STING-TBK1-IRF3 pathway regulates the
polarization of M1-type macrophages is not yet clear, Its
role in the process of lung fibrosis has also not been
clarified. Silica-induced lung injury has been demon-
strated in animal studies in vivo, where silica particles can
activate STING and induce type I IFN responses through

extracellular self-dual-stranded DNA release from mac-
rophages [93]. By focusing on the STING signaling
pathway, it is possible to alter the macrophage phenotype
and shift it from the pro-inflammatory M1 type to the anti-
inflammatory M2 type. This, in turn, can lead to a
reduction in silica-induced lung inflammation, which
helps to alleviate the fibrotic process.

Conclusion

Various stages of lung fibrosis involve the differentiation
of lung macrophages into distinct phenotypes. M1 mac-
rophages are crucial for initiating the inflammatory
response, while M2 macrophages aid in reducing inflam-
mation and promoting healing. However, in cases where
the phenotypic transformation is abnormal, excessive
secretion of chemokines and matrix metalloproteinases by
M2 macrophages contribute to the pathological remodel-
ing of lung fibrosis. In recent years, numerous studies
have identified new targets for intervening in the abnormal
activation of macrophages that may help slow the devel-
opment of lung fibrosis. For example, mitochondrial oxi-
dative stress associated with M2 polarization in the
pathogenesis of lung fibrosis. Knockdown of Gab1/2
inhibits M2 polarization and alleviates lung fibrosis to
some extent. As well as multiple miRNAs have been
shown to mediate macrophage polarization to promote
lung fibrosis. The transition between macrophage pheno-
types can be directly/synergistically regulated by multiple
signaling pathways such as Notch, TGF-β/Smad, JAK-
STAT and cGAS-STING. The specific mechanisms by
which signaling pathways regulate the function or

Fig. 1 The Notch pathway is
responsible for the development
of lung fibrosis by affecting the
polarization of macrophages,
both directly and indirectly. The
pathway transmits signals
through binding of receptors and
ligands on adjacent cells,
resulting in the release of NICD,
which activates NF-κB in the
nucleus. These substances
regulate the polarization of
macrophages, driving them
towards either M1 or M2 types.
As a result, fibroblast
proliferation and differentiation
are stimulated, and extracellular
matrix components that are
involved in the fibrotic process
in the lungs are produced
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phenotype of macrophage subpopulations in vivo remain
to be investigated. It is therefore essential to investigate
the specific mechanisms of macrophage polarization in
lung fibrosis. Investing in how the switch between mac-
rophage phenotypes can be effectively regulated may help
to provide new ideas for research in the fight against lung
fibrosis.
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Abbreviation
ECM Extracellular Matrix
AMs Alveolar Macrophages
IMs Interstitial Macrophages
ALI Acute Lung Injury
ARDS Acute Respiratory Distress Syndrome
COPD Chronic Obstructive Pulmonary Disease
IPF Idiopathic Pulmonary Fibrosis
BLM Bleomycin
LPS Lipopolysaccharide
IFN Interferon
TNF Tumor Necrosis Factor
IL-6 Interleukin 6
MCP1 CCL2, also known as monocytes chemokin 1
TNF-α Tumor Necrosis Factor α
CD80 Cluster of Differentiation 80
TLR4 Toll-like receptor 4
MHCII Major Compatibility Complex II
CD86 Cluster of Differentiation 86
iNOS Inducible Nitric Oxide Synthase
ROS Reactive oxygen species
NO Nitric Oxide
CD206 Cluster of Differentiation 206
NF-κB Nuclear factor-kappa B
STAT6 Signal Transducer and Activator of Transcription
MCUs Mitochondrial Calcium Mono
mtROS mitochondrial Reactive Oxygen Species
EGF Epidermal Growth Factor
miRNA microRNA
RILF Radiation-Induced Lung Fibrosis
MSCs Mesenchymal Stem Cells
JAG1 Jagged1
DLL1 delta-like1
GSI gamma-secretase inhibitor
AEC2 Alveolar epithelial cells
PFD Pirfenidone
IRF3 IFN regulatory factor 3
EMT Epithelial-Mesenchymal Transition

XBP1 X-box binding protein 1
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